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Survival of blood stage malaria parasites requires extensive host cell remodeling, which is facilitated by
secretion of parasite proteins via a dedicated protein export pathway. In a recent Cell paper, Bhattacharjee
et al., (2012) describe PI(3)P binding as one of the first steps in targeting parasite proteins to the host cell.The pathology of humanmalaria is caused
by the red blood cell stages of parasites
of the genus Plasmodium, of which
P. falciparum is the most virulent species.
The success of P. falciparum depends on
its sophisticated arsenal of red blood cell
invasion pathways and highly efficient
mechanisms for host immune evasion.
An important aspect of P. falciparum
infection is cytoadherence, a mechanism
to evade clearance during splenic
passage by attachment of infected red
blood cells to other host cells. Mecha-
nisms of cytoadherence have been
studied in much detail and involve a family
of variant parasite antigens, termed
PfEMP1, deposited on the infected red
blood cell.
How are proteins like PfEMP1 trans-
ported to the infected red blood cell and
onto its surface? In the last decade, this
question has been the subject of intense
research, for at least two reasons: (1)
mature red blood cells, in which the para-
sites develop, are enucleated and lack an
endomembrane system that could be
co-opted by the parasite for its own
purposes—it is therefore likely that alter-
native transport pathways are involved;
(2) inhibition of secretion and surface
expression of proteins like PfEMP1 repre-
sents an excellent target for intervention
strategies. A series of studies have shown
that a short motif with the consensus
sequence RxLxQ/E, termed HT or PEXEL,
in the N terminus of hundreds of secreted
parasite antigens including PfEMP1 is
required for protein export into the host
cell (Hiller et al., 2004; Marti et al., 2004).
Of note, parallel studies revealed that
a similar motif, RxLR, operates in effector
proteins of the oomycete pathogen
Phytophthora (Whisson et al., 2007) andheterologous expression of either a
Phytophthora motif in P. falciparum or
vice versa suggested overlap in function
(Bhattacharjee et al., 2006). This motif is
a recognition site for proteolytic process-
ing by an aspartyl protease termed plas-
mepsin V (Boddey et al., 2010; Russo
et al., 2010). Importantly, plasmepsin V
processing occurs in the endoplasmic
reticulum (ER) while a putative translocon
(de Koning-Ward et al., 2009) is localized
to the membrane separating the parasite
from the host cell (termed parasitopho-
rous vacuole membrane).
In a surprising twist to these previous
findings, a study in Cell by Bhattacharjee
et al., (2012) demonstrates that the
RxLxE/Q motif must bind to the phospha-
tidylinositol 3-phosphate (PI(3)P) for
proper export of parasite proteins into
the host cell. The authors show that the
motif from different exported Plasmodium
proteins, including PfEMP1 and HRPII,
specifically binds to PI(3)P at nanomolar
affinities but not to other phosphorylated
phosphoinositides (PIPs). Site-directed
mutagenesis demonstrates that high-
affinity binding depends on the conserved
positions 1 (arginine or lysine) and 3
(leucine) of the motif that are also required
for efficient proteolytic cleavage by plas-
mepsin V. That only the unprocessed N
terminus of exported proteins binds effi-
ciently to PI(3)P and that a heterologous
protein with a PI(3)P binding domain is tar-
geted to the parasite ER strongly suggest
that binding occurs in the ER, prior to
plasmepsin V cleavage. Interestingly, a
recent study demonstrated that oomy-
cete effector proteins, too, have to bind
to PI(3)P on host membranes via their
RxLR motif for efficient host cell entry
(Kale et al., 2010).Cell Host & Microbe 11PIPs are essential for many eukaryotic
cellular processes by functioning as
secondary messengers and membrane
trafficking regulators. They mark different
cell compartments and serve as docking
sites for their cellular locomotion. In
eukaryotic cells PI(3)P confers identity to
endosomes and regulates endosomal
trafficking. The spatial and temporal
distribution of PIPs is precisely deter-
mined by the activities of lipid kinases
and phosphatases. While uninfected red
blood cells have undetectable levels of
PI(3)P, about 25% of all PIPs in infected
red blood cells (RBCs) are PI(3)P. More-
over, malaria parasites express a func-
tional PI3-Kinase (PfPi3K) that associates
with apicoplast and food vacuole
membranes, and it appears to be present
in the host cell cytosol and required for
hemoglobin uptake (Vaid et al., 2010).
Unexpectedly, Bhattacharjee et al.,
(2012) describe for the first time a function
for a PI(3)P within the parasite secretory
pathway (see also Figure 1). Further
experiments are required to investigate
the source of PI(3)P in the ER: Is it
produced by cytoplasmic PfPI3K and
subsequently translocated into the ER,
or does the enzyme indeed enter the
secretory pathway?
What is the relative importance of both
PI(3)P binding and plasmepsin V cleavage
for export of Plasmodium proteins? Both
events depend on the same core amino
acids; however, there are an increasing
number of exported proteins lacking
a motif altogether. In particular, PEXEL-
negative exported proteins (PNEP) in
P. falciparum and the PIR family of ex-
ported proteins in rodent malaria para-
sites share an internal transmembrane
domain and lack both a core motif and, February 16, 2012 ª2012 Elsevier Inc. 99
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Figure 1. PI(3)P Functions in Plasmodium and Phytophthora
In the apicomplexan Plasmodium, parasite PI(3)P is involved in protein secretion from the ER to the host
cell, in hemoglobin uptake from the host cell into the parasite food vacuole, and probably in apicoplast
function. In the oomycete pathogen Phytophthora, host PI(3)P is required for protein translocation into
the host cell. The red circle represents the Plasmodium-infected RBC, and the green square represents
the oomycete-infected plant cell. The arrows indicate the direction of trafficking events. AP: Aicoplast;
ER: endoplasmic reticulum; FV: food vacuole; PV: parasitophorous vacuole; RBC: red blood cell.
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clear in which orientation these proteins
enter the ER (nor is it clear for PfEMP1,
which also lacks an N-terminal signal
sequence but harbors an internal trans-
membrane domain), or whether PI(3)P
binding and plasmepsin V cleavage are
required for their export. Bhattacharjee
et al. also demonstrate that even in the
presence of a mutated core motif, HRPII
and PfEMP3 can be exported but possibly
via a PI(3)P-independent route. These
observations suggest that recognition
and sorting of different subtypes of ex-
ported proteins must occur very early in
the parasite secretory pathway, most
likely at the level of ER or ER exit. Notably,
protein sorting to the parasite apicoplast,
a relic choloroplast from a secondary
endosymbiont, occurs in the ER as well
by virtue of a bipartite N-terminal leader
sequence. The Plasmodium ER therefore
appears to play an important role as
a hub for protein sorting, and both the100 Cell Host & Microbe 11, February 16, 201organization and function of this organelle
should be a major focus for future
research.
Finally, what are the implications of the
striking similarities between translocation
of oomycete effectors into plant cells and
export of malaria proteins into red blood
cells? There are fundamental differences
between the two systems including the
host cell types, and the parasite lineages
are only distantly related within the super-
kingdom of the Chromalveolates. Yet the
presence of the core properties—i.e.,
a similar sequence motif that depends
on PI(3)P binding to mediate protein
transport—and the interchangeability of
the domains between the lineages
demonstrates that both Plasmodium and
oomycete parasites have co-opted the
same machinery for their purposes.
Whether this event occurred indepen-
dently through convergent evolution or
whether it took place in a common Chro-
malveolate ancestor before the diver-2 ª2012 Elsevier Inc.gence of the two lineages remains to be
shown. Whatever the origin, it should be
considered that other Apicomplexan
parasites such as Toxoplasma, Crypto-
sporidium, or Babesia might employ a
protein transport mechanism using these
core properties, as well.
The study by Bhattacharjee et al. repre-
sents a major step forward in our under-
standing of the mechanisms underlying
protein export in malaria parasites. It
also raises many new questions, particu-
larly with respect to protein sorting in the
parasite ER, the evolution of the export
motif, and its function across different
eukaryotic lineages.REFERENCES
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